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Introduction
In the postgenomic era, researchers are now challenging the proteome with methods like two-dimensional gel electrophoresis or multidimensional chromatography followed by mass spectrometry and various other methods for abundance-based proteome profiling. However, the amount of proteins present at a certain state of cell might not correlate with the enzyme activities responsible for the metabolic fluxes, cell management and signal transduction. Therefore, elucidation of changes in protein activity is the ultimate goal of functional proteomics.
Methods have been developed for specific detection of enzymes on the basis of their catalytic activities. For this purpose activity-recognition probes (ARPs) (1) or activitybased probes (ABPs) are used. Basically, an ARP is a molecule consisting of (I) a recognition site targeting a certain enzyme species, (II) a properly positioned reactive site which forms a covalent bond with the target and (III) a tag for visualization and/or isolation of the covalently bound target (2) (3) (4) . Many reactive groups have been developed so far for identifying different types of enzyme activity, i.e.
fluorophosphonates for serine hydrolases (5), p-nitrophenyl organophosphonates for lipases and esterases (3, 6) , epoxides for cysteine proteases (7) , sulfonate esters for various enzyme classes (8, 9). Two-dimensional (2D) gel electrophoresis is a well established technique for simultaneous separation and display of hundreds to thousands of proteins (10). The proteins are separated in two dimensions according to their isoelectric point (isoelectronic focussing IEF) and molecular size (SDS-PAGE). But despite of the substantial advances in this technology some of the more significant systemic shortcomings have remained unsolved. The most troublesome of these is the inferent lack of reproducibility between gels (11, 12). To overcome these issues, Ünlü et al. group of lysine residues on proteins forming an amide bond. The labeled samples are then mixed before IEF, and resolved on the same 2D gel. Variation in spot intensities due to gel-specific experimental factors, for example protein loss during sample entry into the IPG strip, will be the same for each sample within a single DIGE gel.
Consequently, the relative amount of a protein in a gel in one sample compared to another will be unaffected (14). This procedure greatly facilitates screening for proteins that are up-or downregulated in a given sample compared to a reference sample (e.g. mutants vs. wildtype, "diseased" vs. "healthy" etc.)
Here we report on a novel approach using fluorescent ARPs for differential activity-based gel electrophoresis (DABGE) of two functional lipolytic and esterolytic proteomes. Lipolytic enzymes hydrolyze acyl esters inside and outside cells thus fulfilling specific functions in lipid metabolism and signaling. This protein family includes tri-, di-, and monoacylglycerol lipases, cholesterol ester hydrolases, retinyl esterases and (lyso-) phospholipases. The activities of these biocatalysts are more or less dependent on the chemical structure and the supramolecular presentation of the substrate. Affinity tags specifically designed for lipases should resemble hydrophobic molecules. Fluorescently labeled p-nitrophenyl-and fluoroalkylphosphonates meet the above criteria. Depending on their polarities and recognition sites they are excellent baits to profile different serine hydrolase activities in complex proteomes. These compounds have to be properly solubilized in order to 
Experimental Procedures

Fluorescent dye and inhibitor synthesis
Organic solvents were obtained from Carl Roth GmbH (Karlsruhe, Germany).
Chemicals for organic synthesis were purchased from Sigma-Aldrich (Taufkirchen, Germany). Some of these chemicals were specially purified immediately before use: triethylamine abs. (distillation over CaH 2 / ninhydrin to remove water and primary or secondary amines) and 2-methylbenzoxazole (distillation). Flash chromatography was carried out on Silica gel 60 (0.040-0.063 mm); Thin-layer chromatography (TLC) was performed on TLC aluminum sheets coated with silica gel 60 F 254 , both from Merck (Darmstadt, Germany). Chemicals for gel electrophoresis and the dye reagent for the Bradford protein assay were purchased from Bio-Rad Laboratories (Hercules, CA).
NMR-spectra were recorded using a VARIAN INOVA-500 spectrometer (Varian, Palo Alto, CA, USA); multiplicities are abbreviated as follows: s: singulet, d: duplet, dd: double duplet, t: triplet, dt: double triplet, q: quadruplet, p: pentet, m: multiplet. All spectra were recorded at room temperature.
Mass spectra were obtained using a MALDI micro MX TM (Waters, Milford, MA, USA) equipped with a nitrogen UV laser (337 nm wavelength) and a time-lag focusing unit.
Analysis was carried out in reflectron mode at 15 kV source voltage and 1950 V pulse voltage. Calibration was performed with a suitable polyethylene glycol mixture as standard. Samples were prepared by mixing solutions of matrix (10 mg/mL α-cyano-4-hydroxy-cinnamic acid in EtOH/acetonitrile/aqueous 0.1% TFA 495/495/10 (v/v/v) and analyte (0.01-1 mg/mL in CHCl 3 /MeOH 2/1 (v/v)) in the ratio 10:1 (v/v). 1 µL of this mixture was spotted on a target plate (stainless steel) and allowed to airdry prior to analysis. 
Synthesis of the cyanine dyes
The used Cy3 and Cy5 dyes are structurally identical, whereas the Cy2b dye shows some substantial structural differences. The synthesis of Cy2b was performed as 
General procedure for the activation of Cy-carboxylic acids with TSTU
The purified dyes were dissolved in absolute acetonitrile. 3 equivalents 
Enzymes
The following commercially available lipases and esterases (Fluka/Sigma-Aldrich, Germany) were used as reference enzymes: Candida antarctica Lipase B (CAL B),
Chromobacterium viscosum lipase (CVL), Geotrichum candidum lipase (GCL) and
Mucor mihei esterase (MME). To prepare stock solutions, these proteins were dissolved in 10 mM TRIS/HCl-buffer containing 0,25 M sucrose, pH 7.4.
Preparation of mouse tissue homogenates
Mouse adipose and liver tissues were kindly provided by R. Zechner (Institute of Molecular Biosciences, University of Graz, Graz, Austria). Animals were maintained on a regular light-dark cycle (14h light , 10 h dark) and kept on a standard laboratory chow diet containing 4,5% fat and 21% protein (SSNIFF, Germany) with free access to water. Fat pads and liver were collected from fed (free access to food over night)
male animals aged between 3-6 months between 9.00 and 10.00 a.m. All procedures in this study were in conformity with the Public Health Service Policy on the use of Laboratory Animals and were approved by local ethical committees.
Brown adipose tissue (BAT), white adipose tissue (WAT) and liver were surgically removed and washed in phosphate buffered saline (PBS). Homogenization was performed on ice in lysis buffer (10 mM TRIS/HCl-buffer pH 7.4 containing 0.25 M sucrose, 1 mM EDTA, 1mM dithioerythritol, 20 µg/mL leupeptin, 2 µg/mL antipain and 1 µg/mL pepstatin) using a motor-driven teflon-glass homogenizer (8 strokes, at 1500 rpm, Schuett Labortechnik, Germany). Cell debris and lipid fraction were removed by centrifugation at 1000 g for 15 min to obtain cytoplasmatic extracts. Protein concentration was determined using the BIORAD Protein Assay based on the method of Bradford (20) .
Spiking of tissue homogenates with reference enzymes
A standard sample was prepared by mixing homogenates of brown adipose tissue or liver (15 µg and 45 µg protein) with 50 ng reference enzyme for one dimensional and two dimensional gel electrophoresis, respectively. Reference enzymes were CAL-B, CVL and MME. Samples containing higher amounts of reference enzyme were prepared by adding 100 ng, 150 ng, 250 ng for 1D and 2D PAGE to the homogenate (15 µg and 45 µg protein, respectively)
Activity tagging of lipolytic enzymes in tissue homogenates
Incubations of proteomes with activity tags were conducted as follows: For a sample containing 50 µg of protein the following reagent was prepared, 5 µL of a 10 mM solution of Triton X-100 in CHCl 3 (final sample concentration 1 mM) and 5 µL of ARP dissolved in CHCl 3 (1 nmol/10 µL, final sample concentration 10 µM) were mixed and the organic solvent was removed under a stream of argon. 50 µL of homogenate (1.0 mg/mL protein) were added and the resulting mixture was incubated at 37°C under light protection for 2 hours. Proteins were precipitated with 10% trichloroacetic acid on ice for 1 h and collected by centrifugation at 4°C at 14000 g for 15 min. The pellet was washed once with ice-cold acetone and resuspended in sample buffer for 1D
SDS-PAGE (20 mM KH 2 PO 4 , 6 mM EDTA, 60 mg/mL SDS, 100 mg/mL glycerol, 0.5 mg/mL bromophenol blue, 20 µL/mL mercaptoethanol, pH 6.8) or sample buffer for 2D PAGE (7 M urea, 2 M thiourea, 4% CHAPS, 2% Pharmalyte 3-10). Prior to loading onto the gel, the samples for 1D SDS-PAGE were heated to 95°C for 5 minutes. BAT and WAT from three different mice were analyzed in three independent experiments (consisting of an original and a dye-swap experiment) each.
SDS-PAGE and 2D-gelelectrophoresis
SDS-PAGE was performed essentially by the method of Fling and Gregerson (21) in
a Tris/glycine buffer system. Proteins (15 µg protein/lane) were applied onto a 5% stacking gel and separated in a 10% resolving gel at 20 mA constant current (BIORAD Mini PROTEAN 3), respectively. 2D-gelelectrophoresis was performed as described by In the first dimension, 45 µg protein were separated by isoelectric focussing in 7 cm immobilized nonlinear pH 3-10 gradients (IPG-strips, GE Healthcare, Germany) using Multiphor II (GE Healthcare, Germany). A discontinuous voltage gradient was used starting at 0 V and increased to 200 V within the first minute. The voltage was then further increased to 3500 V during the following 1.5 h, and hold at this level for another 1.5 h.
In the second dimension, proteins were separated by 10% SDS-PAGE on 7 cm gels at 20 mA constant current for 1.5 hours.
Visualization
Gels were fixed in 7.5% acetic acid and 10% ethanol and scanned at a resolution of 
Results
We report on novel activity-based recognition probes (ARPs) for comparative analysis of lipolytic enzymes of two different samples in one electrophoresis gel (Differential Activity Based Gel Electrophoresis (DABGE)).
Here we describe, the synthesis of the ARPs, the design of the DABGE procedure and the application of this method to the comparative analysis of lipases and esterases in brown and white adipose tissue.
Synthesis of activity recognition probes
The ARPs were synthesized as outlined in figure 1 . Finally, the protein concentration of the sample was optimized for the DABGE assay.
All samples in this series were incubated with the Cy-tagged ARPs (10µM final concentration) for 120 min (sample protein concentrations between 0.02 mg/mL and 1.00 mg/mL). The results are shown in figure 2 I-K. The samples containing low protein concentrations showed weak fluorescence signals whereas higher amounts of protein gave intensely fluorescent lanes. Under our experimental conditions irrespective of the amount of protein loaded, the fluorescent bands were always well resolved after 1D-PAGE. For all further experiments, protein concentrations of 1 mg/mL were used since under these conditions labeling appeared to be best.
The optimization studies outlined above led to the following standard protocol which is recommended for labeling of biological samples with Cyanine-tagged ARPs:
Protein concentration 1 mg/mL, probe concentration 10 µM, and reaction time of two hours.
Proof of principle: DABGE analysis of artificial "proteomes" using Cyaninetagged ARPs
Artificial "proteomes" were prepared containing defined amounts of three different commercial enzymes (CVL, MME and GCL) which were labeled using the Cy-tagged ARPs. It was the aim of this study to compare the relative amounts of these enzymes in two samples A and B characteristic of different enzyme ratios. The amount of one enzyme, namely MME, was always kept constant in both samples A and B to mimic a "housekeeping" protein fraction which shows a constant "expression level" in both samples. The amounts of the other two enzymes (CVL and GCL) were varied to mimic different enzyme "expression" levels. The ratios of lipases in sample A vs. B
were as follows: CVL 1:3, GCL 2:1, MME 1:1. The individual samples A and B were labeled with the Cy3 and Cy5 probes, respectively. Independently, a mixture of samples A and B containing the same total amount of protein was labeled with Cy2b
inhibitor. Finally, equal amounts of the Cy3-, Cy5-and Cy2b-labeled aliquots were mixed and the resultant mixture was subjected to 2D-PAGE. In a dye-swap experiment, the same procedure was performed except that sample A and sample B
were labeled with the Cy5-and the Cy3-ARP, respectively (experimental setup: figure   3 ).
In figure 4 the results of the DABGE experiment of lipases in the artificial "proteome" are displayed. MME shows yellow spots in both gels (4 A and B) since its concentration in samples A and B are the same (A/B ratio =1/1). CVL is red in the left gel (green in the dye-swap, right panel) since its A/B ratio is 1/3. Conversely, GCL appears green in the left gel (red in the dye-swap), since its A/B ratio is 2/1.
The enzyme ratios which were determined from the fluorescence intensities were very close (less the 10 percent mean error) to the theoretical values (figure 4 C).
Performance of DABGE in complex proteomes: Spiking of active biological samples with reference enzymes
For calibration, mouse liver homogenates were admixed with the following reference homogenate was spiked with 3fold MME before labeling with the Cy-tagged ARPs (sample A). A homogenate containing one fold MME served as sample B. In figure 5 C, the MME spot (3fold) appeared green because sample A was labeled with Cy3-tagged inhibitor. All other enzymes (natural components of the biological matrix)
which were the same in samples A and B appeared yellow (mixture of red and green). The MME spot (3fold) in figure 5 D is red because sample A was labeled with the Cy5 inhibitor (dye-swap).
Fluorescence intensities of Cyanine-labeled proteins were again analyzed in terms of enzyme ratios which very closely reflected the amounts which were used for spiking the biological samples. The mean error was less than ten percent in all experiments (figure 5 E).
Application of the DABGE technique to comparative enzyme analysis of closely related samples
The DABGE technique was used to compare lipolytic enzymes in brown and white adipose tissue. BAT and WAT were labeled with Cy3-and Cy5-tagged ARPs, respectively, and vice versa in a dye-swap experiment. 1:1 (protein amount) mixtures of BAT and WAT homogenates were labeled with Cy2b-tagged inhibitor as an internal standard. The labeled samples were mixed, the proteins were precipitated followed by either one-or two-dimensional gel electrophoresis. show the results after two-dimensional protein separation.
To identify the enzymes the lanes or spots were cut out, tryptically digested and analyzed by nanoHPLC-MS/MS. The relative ratios of the labeled enzymes in BAT vs. WAT were determined from the fluorescence intensities of Cy3 and Cy5 in BAT and WAT by using the following formula:
In case of calculated ratios smaller than 1, the negative inverse ratios were generated. A typical analysis was performed using a model containing defined amounts of known enzymes (CVL, GCL and MME). The experimentally determined values are in accordance with the theoretical ratios which were used for preparing the artificial proteomes.
In order to determine possible matrix effects of the DABGE technique in complex biological samples we admixed mouse liver homogenate as a natural proteome with defined amounts of reference enzymes. Again the experimentally determined enzyme ratios exactly matched the ratios of the reference enzymes contained in the homogenates. Finally, the DABGE method was used to identify the quantitative differences between the lipolytic and esterolytic proteomes of two complex biological samples, namely BAT and WAT. We found that both tissues showed specific, yet distinctive enzyme patterns. WAT and BAT perform essentially opposite functions in vivo. Whereas WAT is accumulating excess energy as triacylglycerol, BAT is dissipating energy through adaptive thermogenesis (31) . Current investigations in our laboratory aim at elucidating the biological function of the lipolytic enzymes that are expressed differently in BAT and WAT. In particular, the relationships between apparent enzyme activities of the individual protein components, moles of active enzyme, enzyme protein mass, and individual gene expression on the RNA level will be studied. They may specifically depend not only on the genetic background of the functional proteomes but also on the (patho)physiological conditions of interest. inhibitor. Finally, equal amounts of the Cy3-, Cy5-and Cy2b-labeled aliquots were mixed and the resultant mixture was subjected to 2D-PAGE. In a dye-swap experiment, the same procedure was performed except that sample A and sample B
were labeled with the Cy5-and the Cy3-ARP, respectively. . MME in lane1 appeared yellow which is caused by the overlay of green and red, lanes2-4 appeared green (sample labeled with Cy3-tagged ARP (false color green)) and the lanes5-7 appeared red (sample labeled with Cy5-tagged ARP (false color red)).
B.
The relative amounts of MME in each lane were determined from the respective fluorescence intensities which were plotted against the "theoretical" ratios used for sample preparation.
C,D.
The relative amount of MME in the samples A vs. B was 3:1, thus MME appeared green in C (sample A was labeled with Cy3-tagged ARP) and red in D (sample A labeled with Cy5-tagged inhibitor).
E. Quantitative analysis of the fluorescent intensities of the labeled lipases showed that the obtained enzyme ratios very closely reflected the relative amounts of the respective labeled enzymes used for spiking. 
